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Introduction {#s1}
============

MSC are receiving an increasing experimental and clinical interest, owing to the large degree of plasticity and the capacity to modulate the immune system or the phenotype of cancer cells [@pone.0102359-Uccelli1]. Their use is thus advocated for treatment of various genetic, haematologic or immunologic pathologies and in the emerging field of regenerative medicine [@pone.0102359-AlmeidaPorada1]--[@pone.0102359-Orlic1]. For most of these potential applications, given the low frequency among bone marrow nucleated cells (around 0.01%), MSC are typically expanded by sequential passages in monolayer (2D) cultures. However, this process is associated with a progressive reduction of their clonogenicity and multilineage differentiation capacity, and is often accompanied by cellular senescence [@pone.0102359-Banfi1], [@pone.0102359-Banfi2].

Studies on different cellular systems have led to the concept that maintenance of 'early progenitor' properties generally requires a tissue-specific microenvironment or niche [@pone.0102359-Augello1]--[@pone.0102359-Scadden1], which can hardly be resembled by the plastic substrate and 2D configuration of tissue culture flasks [@pone.0102359-Bara1]. Various attempts have thus been reported to expand MSC in three-dimensional (3D) environments, based on suspension culture in the presence of dynamic flow [@pone.0102359-Chen1], [@pone.0102359-Frith1], on microcarrier beads [@pone.0102359-Eibes1]--[@pone.0102359-Frauenschuh1] or on a rotating bed bioreactor system [@pone.0102359-Diederichs1], [@pone.0102359-Reichardt1]. Despite the promising results obtained, however, these approaches required an initial phase of MSC growth on plastic, which is intrinsically associated with the selection of the adherent cellular fractions, possibly already depleted of the less adherent earlier progenitors [@pone.0102359-DiMaggio1], and the loss of most hematopoietic lineage cells. Indeed, non-mesenchymal bone marrow cells were proposed to be involved in regulating MSC function [@pone.0102359-Eipers1] and have been demonstrated to enhance growth of MSC with clonogenic properties [@pone.0102359-Baksh1], [@pone.0102359-Baksh2].

We previously reported that the continuous perfusion of freshly isolated human bone marrow cells directly through the pores of 3D ceramic-based scaffolds resulted in the reproducible generation of tissue constructs, which were highly osteogenic upon ectopic implantation in nude mice [@pone.0102359-Braccini1]. By eliminating the 2D culture step, the system not only streamlined the MSC culture process, but also supported the maintenance of hematopoietic lineage cells, including some of the early progenitors (i.e., CFU-GEMM), thereby establishing some features of the bone marrow niche [@pone.0102359-DiMaggio2].

In this study, we aimed at investigating the use of the above described 3D scaffold-based perfusion system for human MSC expansion. For this purpose, the generated constructs were enzymatically processed and the retrieved cells were phenotypically and functionally compared to those generated following conventional expansion protocols. Furthermore, a microarray analysis was introduced to identify potential new molecular markers and pathways differentially regulated as well as to validate the robustness of the process across different donor preparations.

Materials and Methods {#s2}
=====================

Bone Marrow Aspirates {#s2a}
---------------------

Bone marrow aspirates (20 ml volumes) were obtained from five healthy donors (average age 45 y.o.) after informed consent during orthopaedic surgical procedures in accordance with the local ethical committee (University Hospital Basel; Prof. Dr. Kummer; approval date 26/03/2007 Ref Number 78/07). Nucleated cells were isolated from aspirates by means of red blood cells lyses buffer (pH 7.2) containing 0.15 M NH~4~CL, 1 mM KHCO~3~ (both from Sigma, Switzerland) and 0.1 mM Na~2~EDTA (Fluka, Switzerland). The average clonogenicity (number of fibroblast colony-forming units; CFU-f) in the fresh marrow aspirates was 0.008%±0.002%.

Culture Medium {#s2b}
--------------

Unless otherwise stated, complete medium (CM) consisted of α-Modified Eagle\'s Medium supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES buffer, 1 mM sodium pyruvate, 10000 U/ml penicillin and 10000 µg/ml streptomycin (all from GIBCO, Switzerland). CM was then supplemented with 10 nM dexamethasone and 0.1 mM L-ascorbic acid-2-phosphate (both from Sigma, Switzerland) and with 5 ng/ml fibroblast growth factor-2 (FGF-2, R&D systems, Europe).

MSC Culture {#s2c}
-----------

Using a perfusion bioreactor system described in [@pone.0102359-Wendt1] and now commercially available by Cellec Biotek AG (<http://www.cellecbiotek.com>), an average of 66×10^6^ freshly isolated bone marrow--nucleated cells were perfused for 5 days through 8-mm-diameter, 4-mm-thick disks of porous (total porosity, 83%±3%; accessible surface area 3200 cm^2^) hydroxyapatite ceramic (Engipore; Fin-Ceramica Faenza, Faenza, Italy, <http://www.finceramicafaenza.com>) at a superficial velocity of 400 µm per second. After 5 days, culture medium was replaced and perfusion culture was performed at a velocity of 100 µm per second for additional 14 days and changing the medium twice per week. In order to establish a comparison with the standard culture process, MSC expansion in 2D (in 56 cm^2^ Petri dishes; BD Biosciences) was performed for up to 19 days without passaging using similar initial cell numbers/surface area and schedule of medium changes, as in the 3D expansion condition.

Cell Extraction {#s2d}
---------------

At the end of the expansion phase in the 3D culture system, cells were extracted by substituting the CM with a solution of 0.3% collagenase (collagenase) and perfusing the ceramic constructs for 40 min followed by 0.05% trypsin/0.53 mM EDTA solution (trypsin) for additional 15 min both at 400 µm per second. Extracted cells were subsequently sorted using anti-CD45-coated magnetic beads (Miltenyi Biotec, Auburn, CA), according to the manufacturer\'s instructions. 2D-expanded cells were retrieved by using the same enzymatic solutions, i.e. collagenase for 40 min and trypsin for 5 min. The fraction of dead cells, preliminarily assessed by assessed by Trypan blue exclusion (Sigma, Switzerland), was negligible (less than 3%), with no obvious differences between the experimental groups. Both CD45^+^ and CD45^−^ viable cell populations were assessed for the ability to form fibroblastic colonies. The CD45^−^ populations were further characterized by flow cytometry, gene expression by means of microarray analysis and quantitative real-time (QRT) PCR or tested for the multilineage differentiation capacity, as described below.

Clonogenicity (CFU-f) and flowcytometry assays {#s2e}
----------------------------------------------

CFU-f assays (n = 5) of bone marrow or expanded cells were performed by plating 4400 freshly isolated mononucleated cells or 4 expanded cells per cm^2^ in tissue culture dishes, respectively. The procedure was optimized following preliminary experiments with serial dilutions of plated cells. After 14 days of culture, cells were fixed in 4% formalin, stained with 1% methylene blue and the number of colonies was counted.

2D or 3D-perfusion expanded CD45^−^ cells from one donor were incubated with antibodies against CD29, CD31, CD34, CD44, CD45, CD49a, CD73, CD90, CD105, CD117, CD133, CD144, CD146, CD166, CD271, Alkaline phosphatase, SSEA-1 or human leucocyte antigen (HLA)-DR (all from BD Biosciences). Isotype IgGs were used as controls (all from BD Biosciences). After washing, cells were suspended in FACS buffer (0.5% human serum albumin, 0.5 mm EDTA in PBS) and analysed with a FACSCalibur flow cytometer (BD Biosciences).

RNA Extraction and Microarray analysis {#s2f}
--------------------------------------

Total cellular RNA (40 ug) was extracted from 2D or 3D-perfusion expanded CD45- cells, obtained from 5 independent experiments/donors, using RNeasy Micro kit (Qiagen, Valencia, CA) following the protocol supplied by the manufacturer. RNA were hybridized to Affymetrix Human HG-U133plus2 GeneChip arrays according to the manufacturer recommendations. All the data have been deposited in the Gene Expression Omnibus database with experiment series number GSE52896 available at <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52896>.

Arrays pre-processing and analysis were performed using R and the Bioconductor package (<http://www.bioconductor.org/>) and passed through array quality control using the AffyQCreport tool. Raw intensities were normalized using RMA and scaled to a 2% trimmed mean of 150. Probes with normalized expression values below 50 in both groups were filtered out. Differential gene expression was performed using Limma. Probes were annotated using the platform annotation file version 31 from NetAffx. Genes with a fold change higher than 2 and an adjusted P-value below 0.05 (Benjamini and Hochberg multiple testing correction) were considered regulated. Data from microarrays were analysed by Principal Component Analysis (PCA) using TM4 Multi Experiment Viewer (MeV), available at <http://www.tigr.org/software/tm4/mev.html> in order to ascribe the overall variability of the sample to a limited number of variables.

To validate microarray data, the expression of a set of genes was evaluated by quantitative real-time (QRT) PCR ([Figure S2](#pone.0102359.s002){ref-type="supplementary-material"}). Total RNA extraction, cDNA synthesis and real-time reverse transcriptase-polymerase chain reaction (RT-PCR; 7300 AB Applied Biosystem) were performed to quantitate expression levels of the following genes of interest: CXCL12 (CXCL12-Applied Biosystems, Ref. Number: Hs00171022_m1), STC1 (STC1- Applied Biosystems, Ref. Number: Hs00174970_m1), EDNRB (EDNRB-Applied Biosystems, Ref. Number: Hs00240747_m1), FZD5 (FZD5-Applied Biosystems, Ref. Number: Hs00258278_s1), CXCL5 (CXCL5-Applied Biosystems, Ref. Number: Hs01099660_g1), KYNU (KYNU-Applied Biosystems, Ref. Number: Hs01114099_m1), CCL20 (CCL20-Applied Biosystems, Ref. Number: Hs01011368_m1), TAC1 (TAC1-Applied Biosystems, Ref. Number: Hs00243225_m1), DNER (DNER-Applied Biosystems, Ref. Number: Hs01039911_m1), EREG (EREG-Applied Biosystems, Ref. Number: Hs00914313_m1), NR4A3 (NR4A3-Applied Biosystems, Ref. Number: Hs00545009_g1), SLC6A15 (SLC6A15-Applied Biosystems, Ref. Number: Hs00375196_m1) and SNF1LK (SNF1LK-Applied Biosystems, Ref. Number: Hs00545020_m1). 18s was used as housekeeping (18s-Applied Biosystems, Ref. Number: Hs03003631_g1).

Bionformatic Analysis {#s2g}
---------------------

### Gene Set Enrichment Analysis (GSEA) {#s2g1}

The list of regulated genes was ranked according to the relative fold-change and loaded in GSEA software (<http://www.broadinstitute.org/gsea/index.jsp>; ver. 2.0.12). A variety of genesets from the Molecular Signatures Database (MSigDB) were analyzed (<http://www.pnas.org/cgi/content/abstract/102/43/15545>). The list of genes related to osteogenic differentiation was based on the Human Osteogenesis RT^2^ Profiler PCR Array (SABiosciences).

Database for Annotation, Visualization and Integrated Discovery (DAVID) and Cytoscape {#s2h}
-------------------------------------------------------------------------------------

Functional enrichment analysis for up- and down-regulated genes (2 fold with an adjusted pvalue below 10^−2^) was performed using the open-source web-based DAVID platform (<http://david.abcc.ncifcrf.gov/>) including Gene Ontology (GO) and Pathways categories. Enriched functional categories and pathways were clustered by gene overlap using Enrichment Map in Cytoscape [@pone.0102359-Merico1], [@pone.0102359-Shannon1] and labelled for recurrent keywords using the WordCloud plugin (<http://baderlab.org/Software/WordCloudPlugin>). In the generated Cytoscape diagram, the node size is proportional to the number of genes defining the node. Edges connect nodes that share common genes and edge thickness is proportional to the number of shared genes between nodes.

Multilineage differentiation assays {#s2i}
-----------------------------------

The osteogenic differentiation capacity was tested by culturing cells, obtained from 3 independent experiments/donors, for 2 weeks in CM further supplemented with 100 nM dexamethasone, 10 mM β-glycerophosphate, and 0.05 mM ascorbic acid-2-phosphate. After 2 weeks, cell layers were either stained with alizarin red solution to evidence mineral deposition or assessed for ALP activity normalized to cell numbers, as previously described [@pone.0102359-Mauney1]. Shorter culture time with respect to the commonly used in literature 3 weeks protocol was chosen in order to maximize the differences regarding the *in vitro* osteogenic differentiation capacity of MSC between the two experimental conditions.

The adipogenic differentiation capacity was tested by alternating cycles of cell culture with different media, including 10 µg/ml insulin, 10 µM dexamethasone, 100 µM indomethacin, and 500 µM 3-isobutyl-1-methyl xanthine (adipogenic induction medium) or 10 µg/ml insulin (adipogenic maintenance medium) as previously described [@pone.0102359-Barbero1]. After a total of 14 days, the presence of adipocytes was microscopically documented and quantified following Oil red-O staining.

The chondrogenic differentiation capacity was tested by culturing cells in spherical pellets, formed by gentle centrifugation in 1.5 ml conical polypropylene tubes (Sarstedt, Numbrecht, Germany), in serum-free D-MEM medium (GIBCO, Switzerland) containing TS^+^1 (10 µg/ml insulin, 5.5 µg/ml transferrin, 5 ng/ml selenium, 0.5 mg/ml bovine serum albumin, 4.7 µg/ml linoleic acid; Sigma, Switzerland), 0.1 mM ascorbic acid 2-phosphate, 1.25 mg/ml human serum albumin, 100 nM dexamethasone (Sigma, Switzerland), and 10 ng/ml TGF-β1 (R&D Systems, Europe), with medium changed twice weekly. After 3 weeks\' culture, pellets were processed biochemically for glycosaminoglycan (GAG) and DNA content and histologically for Safranin-O staining.

Immunosuppression assay {#s2j}
-----------------------

The proliferation of CD4+ T cells, sorted from PBMCs of a healthy donor, in the presence of MSC was performed in 96-well plates following a method described [@pone.0102359-BocelliTyndall1]. Briefly, 2D- and 3D-perfusion expanded MSC were seeded at densities of 1250, 5000 and 20000 cells per well and allowed to attach at least 4 h at 37oC with RPMI1640 medium supplemented with 10% FBS, 10 mM HEPES buffer, 1 mM sodium pyruvate, 10000 U/ml penicillin and 10000 µg/ml streptomycin (all from GIBCO, Switzerland), before adding 100000 CD4+ cells in the presence of 1 ug/ml of the mitogen phytohemagglutinin (PHA; Remel Europe Ltd. Clipper Boulevard West, Crossways Dartford,Kent, DA26PT UK). After 56 h of co-culture, 1 µCi/well ^3^H-thymidine (GE Healthcare, Little Chalfont, United Kingdom) was added to each well and incubated for additional 16 h. Cells were then harvested and the ^3^H cpm counted by a scintillation beta-counter to measure the radioactivity in DNA recovered from the cells in order to determine the extent of cell division. Each condition was tested in triplicate.

Statistical analysis {#s2k}
--------------------

For the microarray analysis, genes with a fold change higher than 2 and an adjusted P-value below 0.05 (Benjamini and Hochberg multiple testing correction) were considered regulated. Results are reported as mean ± SD. Statistical analysis was performed with GraphPad Prism 4.0 (Graph Pad software, La Jolla, CA, USA). Differences were assessed using Mann--Whitney U-tests and considered statistically significant with P\<0.05.

Results {#s3}
=======

3D-perfusion expansion of freshly isolated MSC {#s3a}
----------------------------------------------

Using a bioreactor system as described in [@pone.0102359-Wendt1] and graphically illustrated in [Figure 1](#pone-0102359-g001){ref-type="fig"}, total BM cells were perfused through the scaffold pores for 5 days (cell seeding phase), followed by perfusion of culture medium for further 14 days (cell culture phase). Based on the retrospectively calculated density of CFU-f from the five donors (0.08%±0.02%) and assuming that all CFU-f attached to the ceramic scaffolds, an estimated average of 5.4×10^3^MSC were perfused through each scaffold, corresponding to 1.6 MSC per cm^2^ of ceramic surface area. This process resulted in the formation of stromal-like tissue structures, including cells of heterogeneous morphologies in physical contact with each other ([Figure 2a](#pone-0102359-g002){ref-type="fig"}). Instead, conventional cell culture in Petri dishes using similar cell density per surface area led to the generation of adherent cells, typical of the fibroblastic phenotype ([Figure 2b](#pone-0102359-g002){ref-type="fig"}). Enzymatic retrieval of the cells from both conditions and labelling for CD45 indicated the presence of a significantly higher percentage of cells of the hematopoietic lineage after expansion in 3D-perfusion as compared to 2D (19.3±5.7% vs 6.0±4.5% CD45+) ([Figure 2c](#pone-0102359-g002){ref-type="fig"}). The extent of MSC proliferation in the 3D perfusion system, assuming that all harvested CD45- cells (total of 1.36+/−0.34×10^6^ cells/scaffold) were of the mesenchymal lineage and derived from the initial relative number of seeded CFU-f, retrospectively estimated by clonogenicity assays, was of 7.6±1.7 doublings, corresponding to about 0.4 doublings/day. MSC growth in plastic dishes within the same time frame of 19 days (total of 1.76+/−0.46×10^6^ cells/dish) was significantly higher, corresponding to 0.74 doublings/day ([Figure 2d](#pone-0102359-g002){ref-type="fig"}). Based on the measured cell yields, the same numbers of cells occupying 56 cm^2^ of a 10 cm diameter Petri dish could be expanded in ∼0.2 cm^3^ of scaffold volume.

![Schematic overview of the experimental setup.\
Bone marrow aspirates were seeded into the 3D perfusion system and in conventional Petri dishes. After culture, cells from both systems were enzymatically retrieved and CD45- sorted cells using magnetic beads were analyzed as described.](pone.0102359.g001){#pone-0102359-g001}

![Phenotypical and growth characteristics for 2D and 3D perfused MSC.\
(a) Scanning electron microscopy imaging of cells within the scaffold display a complex network of branched fibroblastic-like adherent cells and the presence of rounded cells possibly of hematopoietic origin. (b) 2D cultured MSC display a typical flat fibroblastic morphology. (c) Flow cytometry of cultured cells shows a higher frequency of CD45+ cells in the perfusion system. (d) Proliferation rates indicate higher proliferation in 2D as compared to 3D perfusion cultured MSC. Statistically significant differences (P\<0.05) are indicated with an asterisk (\*; n = 5).](pone.0102359.g002){#pone-0102359-g002}

Phenotypic characterisation of 3D-perfusion expanded MSC {#s3b}
--------------------------------------------------------

In order to investigate the phenotype of the mesenchymal cells, retrieved cells were negatively sorted for the expression of CD45. Results displayed in [Figure 3](#pone-0102359-g003){ref-type="fig"} indicate a large overlap in the cytofluorimetric profile of the two cell-expanded groups, without clear-cut differences in the presence or absence of specific cell populations. However, as compared to 2D-expansion culture, a lower percentage of MSC expanded by 3D-perfusion expressed CD90 78.2% vs 99.8%), CD105 (61.2% vs 98.9%), CD166 (87.1 vs 99%) and ALP (5.8% vs 18.5%), a marker associated with the osteoblastic differentiation of MSC. Moreover, slightly higher percentage of 3D-perfusion expanded MSC were positive for HLA-DR (22.8% vs 10.8%) or for CD146 (25.2% vs 11.6%) and SSEA-1 (11.4% vs 7.6%), which were proposed to be associated with progenitor cell properties [@pone.0102359-Pittenger1]--[@pone.0102359-Sacchetti1].

![Analysis of the expression of surface markers in 2D and 3D cultured MSC.\
Colored lines display the frequency of positive cells compared to isotype (gray lines). Most markers were similarly expressed in the two experimental groups. CD90, CD105, CD166, and ALP positive populations were more represented in monolayer culture, while CD146 and SSEA-1 were more represented in 3D-perfusion culture.](pone.0102359.g003){#pone-0102359-g003}

Microarray analysis of 2D- and 3D-perfusion expanded MSC {#s3c}
--------------------------------------------------------

In order to broaden the search of potential differentially expressed markers and to validate the robustness of the process across different donor preparations, the CD45- fractions of bone marrow cells expanded by 3D-perfusion or in 2D from 5 independent donors were profiled using expression microarrays. Exploratory analysis using PCA (data dimensionality reduction) was performed in order to reveal correlations between the samples [@pone.0102359-Raychaudhuri1]. By dot-plotting the data derived by the two experimental groups, it is possible to estimate the similarity between each sample as a function of the distance of each pair of dots. This analysis shows a striking separation of the samples from 2D and 3D-perfusion on Principal Component 1 (PC1), confirming that culture conditions represented the most influential factor in discerning among cell preparations ([Figure 4a](#pone-0102359-g004){ref-type="fig"}). Interestingly, samples derived from cells cultured in 2D were more spread along the PC2 axis as compared to 3D-perfusion ones, suggesting a higher inter-donor variability induced by 2D-expansion. After pre-processing, we identified 702 genes (343 up-regulated and 359 down regulated) with a fold change of 2 and an adjusted p-value of 10^−2^. A list of the 10 more up- and down-regulated genes is reported in [Table 1](#pone-0102359-t001){ref-type="table"}.

![Gene expression analysis of MSC cultured in 2D or 3D perfusion culture.\
(a) Principal component analysis on global gene expression data. Cells cultured in 3D perfusion system exhibited a significantly different RNA expression profile compared to 2D, with lower inter-donor variability. (b) Cytoscape diagram integrates graphically the most relevant gene ontology biological processes identified by functional annotation (DAVID bioinformatics tool) of regulated genes. Node size (red dots) is proportional to the number of genes defining the node. Edges connect nodes that share common genes in the 2D condition (green edges) or in the 3D perfusion condition (blue edges). Edges thickness is proportional to the number of shared genes between nodes. (c) Gene set enrichment analysis of regulated ranked genes displays that up-regulated genes in 3D perfusion condition are largely overlapping with stem cell related genes (Geneset: Plurinet), while gene related to osteogenic differentiation (Geneset: Osteogenes) are down-regulated. The acronym for NES stands for normalized enrichment score, which is calculated by GSEA software.](pone.0102359.g004){#pone-0102359-g004}

10.1371/journal.pone.0102359.t001

###### Top-ten of significant up- and down-regulated expressed genes.

![](pone.0102359.t001){#pone-0102359-t001-1}

  Probe Set ID                                    Gene Descirption                              Gene Symbol   Function   Fold Change (3D-perfusion vs 2D)
  ------------------- ------------------------------------------------------------------------ ------------- ---------- ----------------------------------
  **Upregulated**                                                                                                       
  214974_x\_at                            chemokine (C-X-C motif) ligand 5                         CXCL5      Secreted                  69
  205239_at                                         amphiregulin                                   AREG         Both                    46
  205476_at                               chemokine (C-C motif) ligand 20                          CCL20      Secreted                  39
  230748_at            solute carrier family 16, member 6 (monocarboxylic acid transporter 7)     SLC16A6        Tm                     32
  226281_at                            delta/notch-like EGF repeat containing                      DNER          Tm                     27
  206336_at             chemokine (C-X-C motif) ligand 6 (granulocyte chemotactic protein 2)       CXCL6      Secreted                  26
  204105_s\_at                            neuronal cell adhesion molecule                          NRCAM         Tm                     24
  206376_at             solute carrier family 6 (neutral amino acid transporter), member 15       SLC6A15        Tm                     23
  211506_s\_at                                     interleukin 8                                    IL8       Secreted                  21
  205767_at                                          epiregulin                                    EREG         Both                    20
  **Downregulated**                                                                                                     
  230204_at                          hyaluronan and proteoglycan link protein 1                   HAPLN1      Secreted                 −28
  204051_s\_at                          secreted frizzled-related protein 4                        SFRP4      Secreted                 −18
  212328_at                             LIM and calponin homology domains 1                       LIMCH1                               −17
  227662_at                                        synaptopodin 2                                 SYNPO2                               −16
  225275_at                       EGF-like repeats and discoidin I-like domains 3                  EDIL3      Secreted                 −16
  228407_at                            signal peptide, CUB domain, EGF-like 3                     SCUBE3      Secreted                 −16
  220976_s\_at                             keratin associated protein 1-1                        KRTAP1-1                              −15
  223315_at                                           netrin 4                                     NTN4         Both                   −14
  212327_at                             LIM and calponin homology domains 1                       LIMCH1                               −14
  212865_s\_at                              collagen, type XIV, alpha 1                           COL14A1     Secreted                 −13

In order to investigate the pathways associated with the 2D versus the 3D cultures, we performed a Gene Ontology (GO) enrichment and cluster analysis using the online web-platform DAVID on the derived list of regulated genes. The statistically enriched pathways can be visualized as an enrichment map with nodes being pathways and edges representing the overlap in genes in these pathways ([Figure 4c](#pone-0102359-g004){ref-type="fig"}). The main GO categories increased in 3D-perfusion vs 2D-expanded MSC were the "Monosaccharides metabolic processes (fructose and glucose)", "Chemokine activity", "Inflammatory response", "Response to hypoxia" and "Negative regulation of apoptosis" ([Table S1](#pone.0102359.s003){ref-type="supplementary-material"}). Consistent with the multicellular tissue-like morphology observed during 3D-perfusion expansion, the GO functional categories "Positive regulation of multicellular organismal process" and "Extracellular space" were also significantly over-represented in the list of up-regulated genes in 3D culture. Conversely, GO categories related to "Fat-related (phospholipid and sphingolipid) and organophosphate metabolic processes" as well as to cytoskeleton, contraction and adhesion were found to be decreased in the 3D-perfusion vs 2D-expanded MSC ([Table S2](#pone.0102359.s004){ref-type="supplementary-material"}). [Figure 4b](#pone-0102359-g004){ref-type="fig"} displays a representation of the resulting GO categories and the identified pathways from [Tables S1](#pone.0102359.s003){ref-type="supplementary-material"} and [S2](#pone.0102359.s004){ref-type="supplementary-material"}, linked to the underlying biological processes. Interestingly, "Bone development" was found to be up-regulated in the 2D-expanded cells and appeared to be consistent with the increased protein expression of ALP. Furthermore, one of the most significant 3D up-regulated geneset uncovered using GSEA analysis is the PluriNet [@pone.0102359-Muller1], a matrix of global gene expression profiles of various types of stem cells, supporting the more "stem cell" like transcriptional footprint of our 3D-perfusion model. Also the geneset describing osteoblastic differentiation was down-regulated in the 3D-perfusion vs the 2D-expanded MSC ([Figure 4c](#pone-0102359-g004){ref-type="fig"}).

Validation of the in vitro functionality of 3D-perfusion expanded MSC {#s3d}
---------------------------------------------------------------------

We next investigated whether the differential gene expression accounting for multi-potency maintenance and differentiation was mirrored in the functionality of CD45- cells expanded by 3D-perfusion or 2D. The CD45- fraction of the 3D perfusion-cultured cells included a 4.3-fold higher percentage of clonogenic cells ([Figure 5a](#pone-0102359-g005){ref-type="fig"}) than that of cells expanded on plastic for the same time (respectively 17% vs 4%), suggesting a better preservation of progenitor cell features. This hypothesis was further confirmed by a more efficient multi-lineage differentiation capacity upon exposure to typical chondrogenic, osteogenic and adipogenic conditions, as determined by histochemical and quantitative biochemical assays ([Figure 5b](#pone-0102359-g005){ref-type="fig"}). Since the number of doublings by MSC expanded for 19 days under 3D-perfusion or 2D was different, cell populations were compared also using a shorter culture time in 2D (i.e., 14 days), leading to 9.1 total doublings and thus more similar to the 3D-perfusion group. Both the clonogenic cell fraction and the multilineage differentiation profile of the shorter expansion time in 2D (data not shown) were comparable to those determined for the longer expansion time. Notably, both 2D- and 3D-perfusion expanded MSC cells shared similar anti-proliferating effects on activated CD4+ cells when co-cultured in vitro ([Figure S1](#pone.0102359.s001){ref-type="supplementary-material"}). Lastly and as expected, CD45+ cells from both experimental groups did not contain adherent fibroblastic clonogenic cells when re-plated in Petri dishes, confirming efficient magnetic depletion (data not shown).

![Functional differences between 2D and 3D perfused MSC.\
Higher (a) frequency of clonogenic cells and (b) differentiation capacity for osteogenic, adipogenic, and chondrogenic lineages with the associated quantifications of 3D perfusion- as compared to 2D-expanded cells. Scale bar: 50 um. Statistically significant differences (P\<0.05) are indicated with an asterisk (\*; n = 3).](pone.0102359.g005){#pone-0102359-g005}

Discussion {#s4}
==========

We have developed a system for the expansion of MSC which entirely bypasses the use of 2D surfaces by seeding and expanding fresh bone marrow preparations directly within the pores of 3D scaffolds under perfusion flow. As compared to the conventional 2D culture system, MSC expanded under 3D-perfusion (i) preserved better their early progenitor properties, as they maintained a higher clonogenicity and a superior multilineage differentiation capacity, (ii) did not lose their anti-proliferative function, based on a standard in vitro assay typically used to claim 'immunomodulation' properties, and (iii) displayed reduced inter-donor variability and consistent upregulation of multipotency-related pathways, as assessed by transcriptomic analysis.

Identifying a strategy for efficient expansion of MSC preserving their functionality is a critical target towards fundamental mechanistic studies on their biological properties, as well as for their prospective clinical use in the field of tissue engineering and regenerative medicine [@pone.0102359-Bara1]. Among several hurdles, the absence of phenotypic markers that uniquely identify populations of MSC with specific functions challenges the definition of a quality control during MSC culture [@pone.0102359-Bianco1]. Indeed, surface proteins typically used to characterize MSC [@pone.0102359-Dominici1] were not differentially expressed in cells expanded in 2D or by 3D-perfusion, indicating that they are not suitable to capture functional features related to superior clonogenicity and multilineage differentiation. Only a limited set of markers, including CD146 and SSEA-1, were expressed by a larger percentage of 3D-perfusion expanded MSC, consistent with the proposed association of those markers to earlier progenitor/stem populations of MSC [@pone.0102359-Russell1]--[@pone.0102359-Sacchetti1]. HLA-DR was found to be expressed in both conditions, likely due to the presence of FGF-2 in the culture medium [@pone.0102359-BocelliTyndall2], [@pone.0102359-Tarte1]. The relatively higher HLA-DR expression observed in 3D-perfusion condition is consistent with previous observations on the effect of hematopoietic cells on MSC [@pone.0102359-Tarte1] and did not alter the anti-proliferative effects of MSC on T-cells. The broader impact of HLA-DR expression on the immunomodulatory properties of MSC is still subject of debate.

A genome wide comparison demonstrated a clear separation between the transcriptomes of MSC expanded in 2D or 3D-perfusion as evidenced by PCA; moreover, a reduced dispersion of 3D-perfused samples indicates that culture conditions can diminish the inter-donor variability that typically affects 2D cultures. Gene set enrichment analysis further demonstrated that following expansion under 3D-perfusion, MSC up-regulated or maintained a transcriptome profile similar to that of other stem cells, supporting the superior maintenance of the experimentally verified MSC multipotency. In this context, after the expansion phase bone related pathways were found down-regulated in the 3D-perfusion group, further indicating better preservation of an undifferentiated MSC phenotype, against the default progression towards the osteoblastic lineage [@pone.0102359-Muraglia1]. Consistently, epidermal growth factor like ligands, which were highly upregulated in the 3D-perfusion dataset, were previously shown to be important for maintenance of osteoprogenitor cells at an undifferentiated stage [@pone.0102359-Zhu1]. Following the differentiation induction phase, 2D-expanded cells, displayed a limited osteogenic profile, despite their apparently more "osteoblastic" phenotype after expansion. Although an in vivo test of osteogenicity was not performed, the in vitro data seem to indicate that the spontaneous tendency to express osteoblastic genes does not necessarily reflect a superior efficiency of functional differentiation.

Amongst the highest differentially upregulated genes found in the 3D-perfusion dataset, several ones coded for toll-like receptors (TLR), interleukins (IL) and other chemokines which are known to be involved in processes of cell migration, tissue homeostasis and repair, as well as in the regulation of immunologic responses. In particular, the higher expression of TLR-2 together with IL-6 and IL-8 may indicate the activation of the receptor by its associated ligands, which has been previously proposed to regulate MSC multipotency [@pone.0102359-PevsnerFischer1]. The established 3D transcriptional profiles described here highlighted differential expression of several transmembrane related genes, which may represent a starting point for future studies to define novel markers for the prospective isolation of earlier MSC progenitors.

Some of the categories identified from GO enrichment analysis during 3D-perfusion expansion were related to hypoxia, negative regulation of apoptosis and cell metabolism. Previous studies reported the positive role of hypoxia, a physiological feature of the niche of MSC [@pone.0102359-Fehrer1], on the cell maintenance in an undifferentiated state, with metabolic features associated with an extended and more genetically stable lifespan [@pone.0102359-Estrada1]. In the described 3D-perfusion culture system, oxygen gradients and thus hypoxic regions may have occurred as a result of the relatively low rate of fluid flow passing through compact areas of cell-laid ECM. Future studies will have to further explore the role of hypoxia by either using smaller sized scaffolds, thereby enhancing oxygen transport, or by performing 2D cultures in hypoxic conditions.

For 2D expanded cells, cytoskeletal binding, contractile fiber and adherence junction pathways were up-regulated. These biomechanical ECM-induced processes were previously reported to influence cell fate [@pone.0102359-Pedersen1], [@pone.0102359-Trappmann1] and induce osteogenesis of MSC, independently from the culture conditions [@pone.0102359-Li1]. Indeed, it has been shown that MSC sense the stiffness of their environment through physical contact and contraction of ECM proteins, which are deposited according to the rigidity of the underlying material surface [@pone.0102359-Trappmann1]. Here, the up-regulation of these processes in 2D expanded MSC may be possibly explained by their continuous exposure to the rigid surface of plastic, in contrast to the 3D-perfusion system, where cells were progressively embedded within ECM ([Figure 2](#pone-0102359-g002){ref-type="fig"}), of most likely lower stiffness.

The two experimental conditions for MSC expansion differed in multiple parameters of various nature (e.g., 3D vs 2D configuration, ceramic vs plastic substrate, flow-induced shear vs static environment, maintenance vs loss of hematopoietic cells), which can hardly be de-coupled to establish appropriate controls. Thus, while confirming the influence of a dynamic 3D environment on MSC properties [@pone.0102359-Cukierman1], the identification of the mechanisms leading to a more functional population of MSC when expanded under 3D-perfusion is beyond the scope of the present work. It is likely, however, that the 3D structure of the scaffold is instrumental to entrap various cells types, including hematopoietic cells [@pone.0102359-Zhang1], and supports the deposition and presentation of extracellular matrix signals known to positively regulate MSC expansion [@pone.0102359-Chen2], [@pone.0102359-Prewitz1]. Based on the recent finding that typical stromal populations can form the niche to earlier, less adherent MSC progenitors which are removed with medium changes [@pone.0102359-DiMaggio1], it would be tempting to speculate that the stromal cell network generated within the scaffold offers the environmental cues required to support maintenance in culture of the earlier progenitors.

In the present study, a ceramic-based material has been used as a surface for initial adhesion and growth of MSC, in order to mimic some features of the mineralized trabeculae surrounding a marrow stromal tissue. It is likely that the use of materials of different composition, architecture and surface properties would provide different priming signals to marrow cells. Thus, the choice of the scaffold included in the perfusion chamber could represent a critical parameter of the system and at the same time an additional tool to dissect the role of specific factors in maintenance of MSC features. The 3D culture process critically requires the use of direct perfusion, initially in order to uniformly distribute cells throughout the scaffold pores [@pone.0102359-Wendt1] and later to efficiently nourish the cells down to the scaffold core. Moreover, the induced perfusion would also mimic the physiological role of interstitial fluid flow and associated mechanical shear in the bone environment [@pone.0102359-Hillsley1]--[@pone.0102359-You1]. Our previous study, though with animal derived BMSC and slightly different medium composition, has indicated the effect of continuous flow during culture in maintaining the presence of hematopoietic lineage cells [@pone.0102359-Scaglione1]. Therefore, an experimental setup involving 3D cell cultures under static conditions or by perfusing pre-sorted CD45- cells from bone marrow preparations could identify the role of hematopoietic lineage cells in the maintenance of MSC functionality.

Conclusions {#s5}
===========

In this work we have proposed an unprecedented paradigm for human MSC expansion, which -- unlike most so far reported methods -- does not rely on plastic adherence to initiate the culture. The described system relies on the in vitro establishment of a 3D stromal environment as a biomimetic niche supporting MSC growth while better preserving their functional properties. The complete elimination of the labour-extensive serial passaging in monolayer and the use of a perfusion-based bioreactor open the perspective of a streamlined, automated and controlled MSC expansion within closed systems, possibly addressing not only cell quality issues but also cost effectiveness and standardization of the manufacturing process for clinical and industrial implementation [@pone.0102359-Martin1]. From a scientific perspective, the culture method offers the possibility to systematically investigate how different parameters (e.g., scaffold composition, architecture and functionalization, flow rate) regulate the phenotype, growth and function of the generated cell populations, and could be used as an engineered 3D model of the bone marrow stromal environment to study physiological interactions among multiple cell types. Finally, the approach may be extended to other stem cell systems, of interest in fundamental research, molecular medicine and cellular therapy.
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###### 

**Anti-proliferative effect of MSC, expanded either by 3D-perfusion or 2D, on CD4+ activated cells.**

(TIF)

###### 

Click here for additional data file.

###### 

**QRT-PCR evaluation of gene expression for selected genes for the preparations (prep) derived from five different donors to validate the microarray data.** Legends: 3D represents the 3D-perfusion condition.

(TIF)

###### 

Click here for additional data file.

###### 

**Biological processes correlated with MSC genes that were up-regulated at least two-folds in 3D-perfusion as compared to 2D cultures.** Terms are ordered according to their p-values.

(DOCX)

###### 

Click here for additional data file.

###### 

**Biological processes correlated with MSC genes that were down-regulated at least two-folds in 3D-perfusion as compared to 2D cultures.** Terms are ordered according to their p-values.

(DOCX)

###### 

Click here for additional data file.
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